To define the type of dietary fibre or fibre analogue with the greatest potential use in diabetic treatment, groups of four to six volunteers underwent 50-g glucose tolerance tests (GTT) with and without the addition of either guar, pectin, gum tragacanth, methylcellulose, wheat bran, or cholestyramine equivalent to 12 g fibre. The addition of each substance significantly reduced blood glucose concentration at one or more points during the GTT and generally reduced serum insulin concentrations. The greatest flattening of the glucose response was seen with guar, but this effect was abolished when hydrolysed non-viscous guar was used. The reduction in the mean peak rise in blood glucose concentration for each substance correlated positively with its viscosity (r= 0 926; P <0 01), as did delay in mouth-to-caecum transit time (r --0885; P <0 02).
where the effects on glucose tolerance of several dietary fibres or fibre analogues have been compared with each other. We therefore carried out such a study using a range of substances to see what properties and therefore what types of dietary fibre could most usefully be incorporated into the diets of diabetics.
Methods
Groups of four to six volunteers were drawn from a pool of 11 (10 men, one woman, aged 20-40 years and with body weights of 103 ± 3°' of ideal).9 They each took part in two or more experiments, one of which was a control, which were performed in randomised order at least two days apart. The meals were taken over a 10-minute period in the morning after an overnight fast, the basic meal consisting of 50 g glucose, 25 g xylose, 15 g lactulose, and 40 g PLJ (Pure Lemon Juice, Original sharp, Reckitt and Coleman) in 400 ml of water. To this was added in the test experiments either 14 5 g of guar (six subjects), tragacanth (six subjects), pectin (six subjects), methylcellulose (five subjects), or 41-5 g of wheat bran (six subjects) or 12 g of cholestyramine (four subjects), which, when allowing for hydration, amounted to about 12 g fibre per meal. Four of the six subjects who originally took guar also took 14 5 g of partially hydrolysed non-viscous guar with the basic meal six weeks later.
Venous blood samples were taken fasting and 15, 30, 45, 60, 90, and 120 minutes after the start of the meal for analysis of glucose"' and insulin." The volunteers emptied their bladders before and two hours after the meal, and an aliquot of the measured volume was taken for xylose estimation." Also over the first two hours end-expiratory samples were obtained every 15 minutes for analysis of breath hydrogen. " This was used as an index of mouth-to-caecum transit time14 and a minimum level of 20 ppm was taken for the first physiologically significant level of hydrogen production.1' In the guar experiments urine was collected every two hours for eight hours.
The viscosities used for comparisons here were estimated using Stoke's Law,'6 which gave the following viscosities in stokes for 1 ", solutions at room temperature: guar, 1 30 + 0-23; gum tragacanth, 0 52+0 17; pectin, 0-214+0 02; and methyl cellulose, 0 07+0 01.
Although they take up water, bran and cholestyramine do not increase viscosity as assessed by this method. The results were expressed as means ± SE of mean and the significances of the differences were calculated by Student's t test for paired data.
Results
Blood glucose-Guar was the only substance that significantly decreased the percentage maximum rise in blood glucose (by 50 ± 6°%; P < 0 01). All substances, however, produced significantly lower test blood glucose values on one or more occasions during the glucose tolerance test (GTT) (fig 1) . During the first hour the area under the blood glucose curve was also significantly reduced by guar (68 '/,; P < 0-05), tragacanth (34%'; P < 0-01), and methylcellulose (29 0; P < 0-05). There was a positive correlation between viscosity of the individual substances and the mean percentage reduction of the maximum rise in blood glucose concentration (r=0-926; n-=6; P<0001) and mean percentage reduction of the area under the curve (r=0 904; n = 6; P < 0 02). The percentage by which the test value exceeded the control value at 120 minutes was significantly related to viscosity (r=0-859; n=6; P<0 05).
Serum insulin-The differences in serum insulin response with the different fibres followed the same pattern as the blood glucose concentrations. Guar was the only substance which reduced significantly the percentage maximum rise in serum insulin (by 51 +8 %; Conversion: SI to traditional units-Glucose: 1 mmol/l z 18 mg/lO0 ml. n=5; P < 0-01), although in general the test insulin responses were below control values (fig 1) . Only in the case of guar, however, was there a significant reduction in the area under the insulin response curve (58 o; P <0001). As with glucose, the reduction in the area under the insulin curve correlated with viscosity (r=0818; n=6; (P <0002) test outputs were significantly higher than the control values. The total eight-hour test and control means were not significantly different (6-1 ±0 5 g (41 ±3 3 mmol) and 5 7+0 3 g (38 ±2 0 mmol) respectively), which indicated delayed absorption with no evidence of malabsorption. Hydrolysed guar had no effect on the glucose and insulin responses, the two-hour urinary xylose outputs (test 29+3 g (193 +20 0 mmol); control 23+2 g (15 3±13 3 mmol)), or mouth-to-caecum transit time.
Discussion
These results show that gums and natural and synthetic particulate materials that differ widely in physical properties and chemical structure all affect glucose tolerance. Perhaps of greater importance, our results show that viscosity has a considerable effect on absorption and transit time, in that guar, the most viscous substance, was the most effective in decreasing postprandial glucose and insulin concentrations. This was confirmed by the fact that destruction of the viscous character of guar by hydrolysis prevented these actions. With the notable exception of cholestyramine, the two-hour urinary xylose excretion tended to be lower than the control value. As judged by guar this may be an index of slower absorption rather than malabsorption, in that by eight hours the total xylose output after guar was similar to that after the control meal. Among the viscous agents a reduced two-hour urinary xylose output also tended to correspond with a slower mouth-to-caecum transit time-a measurement itself related to viscosity.
The action of viscous agents may be twofold, depending on both delayed gastric emptying and delayed absorption of glucose from the small intestinal lumen. This in turn would result from the greater barrier to diffusion caused by an increased viscosity of the unstirred layer. In addition slower intestinal transit would still allow time for complete absorption. The increase in the blood sugar concentration at two hours and its correction with viscosity may be yet another marker of slower absorption.
No such explanation is applicable to bran or cholestyramine. Barium mixed with wholemeal bread leaves the stomach more rapidly than when mixed with white bread,'-and breath hydrogen measurements support a more rapid mouth-to-caecum transit time due to wheat fibre,'7 although two-hour urinary output of xylose was reduced. Cholestyramine, on the other hand, seemed to have no effect on transit time or xylose absorption and yet still reduced postprandial glycaemia, although only slightly. Nevertheless, viscosity, through delaying absorption, seems to be one important property of unabsorbable carbohydrate that is useful in reducing the blood glucose concentration. Other factors, such as a changed hormonal background, may play a part, and the gut endocrine system, in particular, might be important. Increased insulin secretion, however, was not the cause of the lower blood glucose concentrations seen.
The effects of fibre, fibre analogues, and fibre-rich foods on postprandial glycaemia have been little tested. Bran has been shown to cause a small reduction in postprandial glycaemia after ingestion of glucose syrup. Reducing the fibre content of apples or potatoes results in higher blood glucose concentrations, while feeding 60 g carbohydrate in the form of apples, as opposed to apple juice drunk slowly, resulted in a lower 120-minute blood sugar value and a decreased insulin response. s Unprocessed fruit and raw vegetable diets have been used to replace insulin in diabetic treatment,' as have high-carbohydrate diets rich in wheat fibre. 2 Our results suggest that wheat and apple fibre, although they have an effect, may not be as effective in reducing postprandial glycaemia as a high-viscosity fibre such as guar. Guar, tragacanth, and pectin are already used as thickeners in the food industry. Guar is a galactomannan, in turn an important dietary fibre of certain legumes, and pectin is a partially methoxylated polymer of galacturonic acid, which is obtained commercially from apples and citrus fruit. Diets of primitive communities are likely to be naturally rich in these types of fibre. Methycellulose is a bulking agent but because of its low viscosity has little effect on glucose tolerance. But viscosity does not explain the effect of cholestyramine in reducing postprandial blood sugar concentration. Guar,'8 pectin," and cholestyramine all reduce serum cholesterol concentrations, and they might achieve this in part by lowering mean 24-hour insulin concentrations and hence decreasing hepatic cholesterol synthesis. We conclude that viscosity is the most readily identifiable property of dietary fibre that is related to its action in reducing postprandial glycaemia. Agents which increase viscosity provide one possible approach to the treatment of diabetes.
